Abstract: Ultrafast lasers enable a wide range of physics research and the manipulation of short pulses is a critical part of the ultrafast tool kit. Current methods of laser pulse shaping are usually considered separately in either the spatial or the temporal domain, but laser pulses are complex entities existing in four dimensions, so full freedom of manipulation requires advanced forms of spatiotemporal control. We demonstrate through a combination of adaptable diffractive and reflective optical elements − a liquid crystal spatial light modulator (SLM) and a deformable mirror (DM) − decoupled spatial control over the pulse front (temporal group delay) and phase front of an ultra-short pulse was enabled. Pulse front modulation was confirmed through autocorrelation measurements. This new adaptive optics technique, for the first time enabling in principle arbitrary shaping of the pulse front, promises to offer a further level of control for ultrafast lasers.
Introduction
Ultrafast lasers have become integral to many areas of experimental science, from nonlinear microscopy [1] to ultrafast spectroscopy [2] , laser micro-fabrication [3] , and quantum optics [4] to name a few. The optimum operation of such systems requires the effective delivery of short pulses to a target or specimen. One important source of error in these applications is aberration of the laser phase front (contour of constant phase) due to changes in the optical path length along different parts of the beam. Adaptive optics has been extensively employed to maintain a perfect phase front by counteracting any aberrations introduced into a system, with an associated improvement in resolution and efficiency of the target process [5] [6] [7] [8] [9] . In addition to these phase aberrations, distortions to the laser pulse front (contour of constant intensity) can also be introduced by the optical system [10] [11] [12] [13] . This form of distortion arises from variation in group delay (GD) across the beam profile with a consequent spreading of the arrival times of pulses at the target. Control of both phase and pulse fronts is required to ensure optimal pulse reconstruction.
Beam shaping using two dimensional reflective elements, such as parabolic mirrors or deformable mirrors (DMs), can provide spatial deformation of the pulse front, but only with a concomitant distortion of the phase front, which makes the laser pulse inappropriate in most applications. In another way, temporal pulse shaping can be employed, whereby the whole beam is spectrally dispersed and the temporal shaping is conducted for each individual spectral component [14] [15] [16] [17] . Whilst an essential tool for creating ultra-short pulses, this mode controls the pulse front solely within the temporal (or equivalently spectral) domain, resulting in a modulation which is spatially uniform across the beam. Until now, there has been no realization of flexible spatial pulse front modulation, which has limited the ability to control ultrashort laser pulses.
Currently, adaptive optics elements have only been applied to control the phase of the laser pulse. We here present a new concept of adaptive optics: harnessing extra spatial degrees of freedom for pulse front shaping, through the combination of a diffractive and a reflective adaptive optics element (AOE). Effectively, the phase front and the pulse front for an ultrashort pulse become decoupled allowing independent spatial control of each across a beam. We demonstrate that through adaptive control of the pulse in an ultrafast laser system, a beam could be generated with an arbitrarily shaped pulse front, whilst the phase front remains flat. Autocorrelation measurements using an annular intensity distribution were adopted to demonstrate the relative temporal delay between different parts of the beam. The potential applications for this new adaptive optics method are discussed.
Principle
It has previously been realised that combining diffractive and reflective/refractive optics can be a useful concept for static shaping of pulse fronts from an ultrafast laser. The design of specialist optics has allowed the focussing of ultra-short pulses at high numerical aperture with minimal increase to the pulse duration [18, 19] . This static concept can be extended to dynamic control through the inclusion of two adaptive optics elements, one diffractive and another either refractive or reflective. We show here this hybrid dynamic optical system permits adaptive control of both phase and pulse fronts in an ultrashort pulse.
We outline the concept in Fig. 1 . A diffractive element, such as a liquid crystal spatial light modulator (SLM) [20, 21] , invokes a phase delay on the beam within an interval of 2π radians for a monochromatic wavelength. Large phase shapes can still be implemented through discontinuous jumps in the phase profile where the phase is wrapped from 2π to zero radians between adjacent pixels ( Fig. 1(a) ). Operating as a phase grating, the device is capable of changing the direction of propagation (the k vector) for the beam. However, the impact of this modulation on the optical path length variations across the beam is negligible (< 3 fs); for the pulse front, the SLM behaves essentially like a plane mirror. Hence on reflection from the SLM, the phase front of the pulse (which is perpendicular to the k vector) can be reoriented, while the pulse front is nearly unaffected. An angle is introduced between the pulse front of the beam and the phase The method of combining the SLM with DM to decouple and exert independent control over the phase front and pulse front.
front: a pulse front tilt [22, 23] is created. The spatial multiplexing capability of the SLM may be exploited to generate a local pulse front tilt that varies in both magnitude and orientation for different parts of the beam cross-section, distorting the phase front but without affecting the pulse front shape.
Other adaptive elements, such as a reflective membrane deformable mirror (DM) [24] [25] [26] , can implement a large phase distortion in a continuous manner, through the introduction of a correspondingly large difference in optical path length ( Fig. 1(a) ). Thus, both the phase front and pulse front are affected by the DM, such that although distorted, they remain parallel. By combining a reflective DM with a diffractive SLM, it is possible to cancel out any phase front distortion, whilst maintaining the local pulse front tilt. As shown in Fig. 1(b) , applying opposite phase shapes to the two adaptive devices, we are able to maintain a flat phase front while generating a spatially variant local pulse front tilt across a collimated beam. Effectively, the pulse front and the phase front have become decoupled within the beam, and through appropriate shaping of the AOEs, it is possible to control each of them independently.
The experimental system
The complete system for all the optical measurements is shown in Fig. 2 . The laser source used for the experiments was a Titanium Sapphire Oscillator (Newport Spectra Physics Maitai), with central wavelength of 790 nm, 80 fs pulse duration and maximum output power of ∼ 300 mW. The power was controlled using neutral density (ND) filters. A pair of prisms [27] was aligned directly after the ND filter to compensate the group velocity dispersion (GVD) effect arising from the optical system [10] . We note higher order dispersion may also exist in the system, however, it was expected to be small since the measured pulse durations before and after the whole optical system were similar. This can in principle be further compensated using prism or grism configurations [28] . The position of the prism pair was finely adjusted to ensure the duration of the pulse exiting the optical system was 80 fs. The laser beam was expanded before illuminating a liquid crystal SLM (Hamamatsu X10468-02). The laser beam expansion was sufficient for the effective region on the SLM to be considered as illuminated with an approximately flat intensity distribution. A 4f lens system was used to image the phase pattern of SLM onto a large stroke DM (Imagine Optic MIRAO 52-e). The SLM is polarization dependent. However, in our configuration it was used purely as a phase modulator.
An autocorrelator (A.P.E Pulsecheck) or a Shack-Hartmann Wave-front Sensor (SHWS; Thorlabs WFS150-7AR) could be coupled in after another 4f system. The autocorrelator was used to demonstrate distortion of the pulse front, while the SHWS was used to verify the correction of phase front aberration. A different 4f lens system was chosen to introduce an appropriate beam size for the autocorrelator or SHWS. A pinhole on an adjustable mount was inserted into the Fourier plane of the DM to block any un-modulated light from the SLM (which forms the zero diffraction order) generated when a large phase pattern was applied. Achromatic doublets were used throughout the system to minimize the system-induced pulse front distortions, enabling us to explore the pulse front solely created by the adaptive optics elements.
Phase front characterization
To demonstrate the shaping technique, we generated a quadratic temporal delay of the pulse front with respect to radial position in the beam, since this corresponds to the propagation time delay (PTD) induced on ultra-short pulses by a simple chromatic lens [10] . To implement such a pulse front distortion, it is necessary to apply a quadratic phase of equal magnitude but opposite sign to the SLM and DM. We denote the phase applied for the central wavelength of the laser in the form of the Zernike polynomial [29] Q(r) = α · √ 3(2r 2 − 1), where α determines the total amplitude of the phase. r is the beam radius normalised to that of the DM, which forms the limiting aperture in this system. The diameter of the DM was 15 mm and, for comparison, the 1/e 2 diameter of the beam at that point was 20 mm. We use the equivalent optical path length (EOPL) introduced by dual AOEs to characterize the applied phase magnitude, which is represented by: To generate a pure pulse front distortion while maintaining a flat phase front, it is essential to make sure the phase introduced by the SLM and DM perfectly cancels with each other. Therefore, a Shack-Hartmann wave-front sensor (SHWS) was used to monitor the phase front following the SLM and DM. After calculated phase shapes were initially applied, large amplitude aberrations in the form of Zernike modes were coarsely removed through manual adjustment of AOEs. A feedback loop was then used to update the SLM phase pattern facilitating a modal minimization of the total RMS phase measured by the SHWS. Fig. 3(a) shows the phase front measured by the wave-front sensor when a quadratic phase shape of EOPL = 9 µm was applied. It is seen after opposite phases were applied to the dual adaptive elements, an approximately flat phase front (Root-Mean-Square (RMS) of EOPL = 0.063 µm) was measured. This is also the case when a large quadratic phase shape was applied to the SLM and DM. An example is shown in Fig. 3(b) with phase of EOPL = 52 µm applied to SLM and DM, and phase front with RMS of 0.073 µm was measured for the output beam. It is also seen with increasing the phase amplitude, small amounts of high order residual phase front aberrations may be seen, due to the limited actuator resolution of the DM [30] . In practice, the DM was adjusted in open loop and the SLM updated in closed loop to ensure the total equivalent path length of the phase front measured by the SHWS to be smaller than 0.08 µm RMS, even when applying shapes of EOPL > 50 µm. This amount of phase aberration would have an insignificant effect on either the pulse front control or the laser focusing.
Pulse front characterization

Method
The quadratic pulse front generated by dual AOEs was verified by measuring the pulse autocorrelation. To accentuate the effect of the pulse front distortion on the autocorrelation measurement, we implemented a scheme to mask parts of the beam cross-section, measuring only the autocorrelation between two annular regions of differing radius [31] . A phase pattern displayed on the SLM, which is shown in the left image of Fig. 4(a) , was applied to generate the annular intensity distribution. A quadratic phase opposite to that introduced by the DM, was displayed only within selected regions of the beam. After reflection from both the SLM and the DM, only the light incident onto these active regions of the SLM has a flat phase front (corresponding to the first diffraction order). Light incident elsewhere on the SLM (corresponding to the zero order) propagated with an uncompensated quadratic phase front. A pinhole was aligned in the Fourier plane of the DM (Fig. 2) to spatially filter the strongly defocused zero order. The resultant intensity distribution within the beam measured by a CCD camera is presented in the right image of Fig. 4(a) . With a quadratic pulse front, there is a time delay between the two rings of intensity in the beam, as shown in Fig. 4(b) . We use T D to represent the time delay between the two rings, and T PF to represent the time delay between the edge and the center of the beam (T PF = EOPL/c, where c is the speed of light). Each ring was narrow enough that it contained minimal pulse front distortion within its width and, hence, the pulse duration within the ring was roughly equal to that of the original laser pulse (80 fs). The two rings were controlled to have similar integrated power, which was achieved by finely adjusting the width of each ring in the experiment. This was also confirmed by measuring the autocorrelation trace intensity for each ring.
When the pulses with intensity in both RingA and RingB propagated into the autocorrelator, the width of the autocorrelation trace (characterized as full width at half maximum, FWHM) was determined by the amount of the time delay T D between the two rings. The experimental results of the intensity autocorrelation trace for two rings with different time delays T D are presented in Fig. 4(c) . A quadratic phase of EOPL = ±43 µm were applied to SLM and DM. A normalized radius of 0.05 was used for RingA, while two different radii were adopted for RingB: 0.8 and 0.76 predicting T D to be -93 fs and 84 fs respectively (a positive value represents that RingB was delayed with respect to RingA). There was an obvious broadening of the autocorrelation trace when the equal and opposite phase shapes were applied to the SLM and DM, demonstrating the presence of pulse front delay. The experimentally measured curves showed close agreement with the simulated autocorrelation trace assuming T D is equal to 90 fs. The measured autocorrelation trace width (cross data points) for RingA and RingB together (RingB radius is 0.67), versus the magnitude of created quadratic pulse front. Solid curve is the theoretical prediction. The measurement uncertainty for data points in (a) and (b) was estimated to be ±5%.
Autocorrelation measurements
By keeping the position of RingA fixed at the center of the beam and varying the normalized radius of RingB, we were able to probe the relative temporal delay with respect to position for the rotationally symmetric pulse front distortion. In the experiments of Fig. 5(a) , quadratic phase shapes with different amplitudes were applied to dual AOEs. The generated quadratic pulse front was expected to be with magnitude of T PF = 160 fs, 100 fs and 30 fs, respectively. As shown in the three main curves in Fig. 5(a) , it is seen that the autocorrelation trace widths obviously increase with the radius of RingB. The three solid curves are the simulation assuming the pulse fronts are in perfectly quadratic shapes. The strong match between the experimental and theoretically predicted results proves the creation of quadratic pulse fronts.
Measurements were also performed with just a single ring of intensity, as shown in the inset of Fig. 5(a) . The blue dots show the auto-correlation trace width for only RingB with an increasing radius, while the trace widths for both rings together (A + B, black dots) are added for a comparison. Importantly, the autocorrelation width for a single ring stayed constant at ∼114 fs (corresponding to pulse duration of ∼80 fs) for all the different radii of RingB. This strongly suggests that the pulse duration at each particular radius within the beam was roughly equal to that of the original laser pulse, and the broaden of the autocorrelation trace width is solely introduced by the radially dependent time delay from the quadratic-shape pulse front implemented by dual AOEs.
Due to the adaptive nature of the pulse front shaping, it was straightforward to flexibly adjust the magnitude of the quadratic pulse front. In Fig. 5(b) , the created total amount of quadratic pulse front T PF is plotted against measured autocorrelation width. The normalized radius of RingB is fixed to be 0.67. The strong match between the experimental and theoretically pre-dicted data demonstrates controllability of the pulse front over a large range: the maximum T PF created was 175 fs by applying a phase with EOPL = 52 µm to the SLM and the DM.
We therefore conclude that it is possible to shape the pulse front through applying equal but opposite phase fronts to a SLM and DM, and that the pulse front distortion is controllable by varying the magnitude of the phase shape. We note that since the level of pulse front distortion T PF was of the similar order to the original pulse duration, the spatially integrated temporal envelope of the whole beam did not exhibit a significant change. Direct measurement of the entire beam [31] without any annular spatial masking still revealed a broadening of the autocorrelation trace, but the broaden was too small resulting in a much lower resolution for the characterization of pulse front in our situation.
Discussion and conclusion
The quadratic shaped pulse front is an important study, since it is the most commonly encountered pulse front distortion in an optical system − the well-known propagation time delay (PTD) [32, 33] . However, this technique of pulse front shaping is not simply limited to quadratic profiles. Through proper choice of phase for SLM and DM, in principle pulse fronts with any desired shape and magnitude can be created. Beside the quadratic phase, we additionally applied astigmatism and coma phase with opposite amplitudes to SLM and DM during our investigations. Flat phase fronts were verified by the wavefront sensor, indicating the pulse front with astigmatism and coma shapes were created, although those complex pulse front shapes could not be measured easily by the autocorrelation process.
Although specific lenses or static optical components may be designed to minimize the pulse front distortion in a specific system [18, 19, 34, 35] , a significant benefit of this technique allows both the shape and magnitude of the pulse front to be adaptively tuned for any practical scenario. Once fully calibrated, the dynamic response depends on the employed AOEs, and is similar to any adaptive optics optimization routine [6] . Rather than a specific case, this technique could be widely used in any systems with any form of pulse front distortion. Furthermore, the use of adaptive optic elements gives the ability for simultaneous control over the pulse front and phase front in one single system. While creating a desired pulse front, one can introduce an additional phase front through applying a phase pattern to SLM. In this way, the pulse front and phase front can be manipulated at the same time independently of each other.
While these experiments were conducted for the laser with 80 fs pulse duration and 790 nm central wavelength, this pulse front modulation technique is, of course, applicable to lasers of other pulse duration operating in different wavelength bands. A limiting factor moving to lasers of shorter pulse duration will likely relate to dispersion within the SLM. With such effect, the phase front of laser pulses would not be perfectly cancelled by the dual AOEs for all spectral components. However, assuming typical values for the liquid crystal dispersion at a central wavelength of 790 nm, there is expected to only be ± 2% variation in the EOPL over a 200 nm bandwidth. Therefore, this effect is usually considered to be negligible for most of the lasers. In the future, the advent of new adaptive elements, such as segmented mirror SLMs, are expected to increase the usable bandwidth of the pulse front modulation scheme.
It is well known that the correction of phase front aberrations is beneficial in the applications of ultrafast lasers [5, 7, 9] . In addition, numerous studies have demonstrated the pulse front distortions generally exist in an optical system, and bring undesired effects, especially when using pulses with shorter durations [10, 31, [36] [37] [38] [39] . However, there have until now been limited studies on the correction of these distortions − primarily due to the absence of an effective method for adaptive pulse front control. The demonstrations in this paper suggest a promising method for the correction of various forms of system-induced pulse front distortions. In addition, the ability to create more complex pulse fronts could possibly bring new and interesting applica-tions in laser material processing, where it is already known that pulse front tilt can strongly affect the light-matter interaction [23, 40] .
In summary, a new technique using adaptive optical elements to shape the pulse front of an ultrafast laser has been demonstrated. This new ability with in principle arbitrary pulse front shaping could be applied to the correction of a wide forms of pulse front distortions, and open new windows for applications requiring advanced manipulation of ultrashort laser pulses.
